We sought to investigate the one-week and within-session reliability of the instrumented balance error scoring system test and the concurrent validity/one-week reliability of two neurocognitive assessments available through C3 Logix. (n = 37) Participants completed two balance error scoring system tests separated by the Trails A, Trails B, and Symbol Digit Modality test available through C3 Logix, and with paper and pencil. We found that the instrumented balance error scoring system test demonstrated strong one-week reliability and that neuropsychological tests available through C3 Logix show acceptable concurrent validity with standard (comparable) paper and pencil measures.
Introduction
A concussion is a complex pathophysiological process affecting the brain, induced by biomechanical forces (McCrory et al., 2009; Nanda, 2012) . It may be diagnosed in the presence of a variety of signs or symptoms such as headache, feeling in a fog, loss of consciousness, amnesia, neurological deficit, altered gait, irritability, slowed reaction time, and insomnia. After clinical assessment, such signs and symptoms can be categorized into one or more of the following areas: cognitive (e.g., confusion, loss of consciousness), physical (e.g., headache, nausea/vomiting, balance disturbance), emotional (e.g., depression, behavioral issues), and sleep disturbance (e.g., insomnia, sleeping too much) (Collins, Lovell, & McKeag, 1999; Kushner, 2001 ). Suspicion of a sports-related concussion should occur in the presence of any one or more of these signs or symptoms after the patient has sustained a possible concussive mechanism of injury. (McCrory et al., 2017) . Appropriate management strategies should be implemented to facilitate a safe outcome for the athlete. Guidelines regarding the proper management of sport-related concussions are the topic of many consensus reports and position statements published over the past decade (Aubry et al. 2002; Broglio et al., 2014; Cantu et al., 2006; Herring et al., 2011; McCrory et al., 2013 McCrory et al., , 2017 McCrory et al., , 2009 ). This continues to be a rapidly-changing area with many new important studies being published regularly. Current recommendations suggest a concussion be assessed with a multi-modal paradigm that includes objective tests of neurocognitive performance, balance, and symptoms (Broglio et al., 2014; McCrory et al., 2013 McCrory et al., , 2017 . As the science around the appropriate clinical management of concussions continues to evolve, it is important that clinicians stay updated on evidence-based recommendations and use appropriate tools and protocols to assess and manage concussions.
The protocols and technologies used to objectively assess balance and neurocognitive function following a concussion are rapidly developing. Although not clinically required, efforts are made to collect digitalcommons.unl.edu individual baseline data to be used to compare post-injury test performance, as opposed to using population norms (McCrory et al., 2017) . The need to gather neurocognitive baseline information for many athletes in a short window of time has pushed the field away from traditional paper and pencil testing. These tests require considerable time and labor and can be costly (Coppel, 2011) . Thus, the use of computerized assessment in the management of concussions has become increasingly common. C3 Logix (NeuroLogix Technologies, Cleveland, Ohio) is a tablet-based application available on the Apple iPad (Apple, Inc., Cupertino, CA) that offers promise as a customizable way to perform objective balance and neurocognitive assessments. However, it is important to understand the measurement properties of any testing (for both balance and neurocognitive assessment) before relying on them to inform clinical decision-making (Schatz & Zillmer, 2003) . Specifically, it is crucial that clinicians understand the validity and reliability, as without this knowledge, use of these tests to return athletes to play is at best inappropriate (Valovich McLeod, Barr, McCrea, & Guskiewicz, 2006) .
For years, the validated clinical test of choice used to assess balance has been the Balance Error Scoring System (BESS) (Guskiewicz, 2001) . The BESS test has been shown be a valid assessment of balance deficits when large differences in error counts exist (Bell, Guskiewicz, Clark, & Padua, 2011) . Additionally, the BESS test has been shown to have moderate to good test-retest reliability to assess static balance (Bell et al., 2011) . Although it is important to be aware of large changes in balance, athletes often exhibit more-subtle post-injury changes that are undetectable with a subjective error scoring system alone. The BESS test is administered immediately post-injury, and administered again a few days postinjury per the clinician's discretion. Although it is sensitive 3-5 days post-injury, more sensitive measures and sophisticated gait analysis show longer deficits. Such analyses using force plate and optical motion systems have been shown to be reliable and valid measures of postural stability in the past (Brown et al., 2014) . However, the use of these systems is not typically a realistic option for the majority of athletic trainers due to high cost and space restraints (Brown et al., 2014) . An alternative to the use of force plate and optical motion systems is the use of accelerometers and gyroscope technology. This technology offers a less costly and more practical evaluation of postural sway. To date, their use in the clinical setting is not widespread (Alberts et al., 2015) . C3 Logix utilizes the iPad's accelerometer and gyroscope to measure anterior-posterior, medial-lateral, and rotational postural sway. Assessing balance with gyroscope and accelerometer adjuncts appears to be a more sensitive and objective measure of postural stability than error scoring alone. The validity of this instrumented postural assessment has been demonstrated, however, test-retest reliability is not apparent in the literature (Alberts et al., 2015) . Furthermore, although practice effects on the error score results have been examined, practice effects on postural sway as measured by the iPad have not been published.
Neuropsychological testing is an important component of concussion evaluation and management due to the ability to detect cognitive deficits that may not be reflected in the athlete's self-report of symptoms following injury (Van Kampen, Lovell, Pardini, Collins, & Fu, 2006) . The use of C3 Logix allows examiners to objectively assess subtle changes in processing speed and reaction time that are not as easily obtained using the current gold-standard, paper and pencil tests (Barth et al., 1989) . The C3 Logix tests include tablet-based applications of standard paper and pencil tests: Trail Making A, Trail Making B, and Symbol Digit Modality Test (Smith, 1982) . C3 Logix also includes simple and choice reaction time tests. These allow the examiner to assess the athlete's speed of response to a single stimulus, and, in the case of the "choice reaction" test, to choose the appropriate response to two simultaneous stimuli. The original Trail Making and SDMT tests are recognized as valid assessments of psychomotor speed, and visual processing speed (Reitan, 1992) . The tests available on the C3 Logix application are touch-screen adaptations of these traditional tests. However, there is a lack of data showing whether the analogous C3 Logix versions of these tests are valid or reliable.
Overall, the aims of this study were to assess stability and test-retest reliability of these tests in a college athlete sample, and to contribute to establishing concurrent validity of iBESS and neuropsychological tests. The primary goals regarding the balance assessment were to determine if the C3 Logix balance assessment is a reliable measure of postural stability and to characterize the practice effects associated with multiple administrations of this test. Our secondary goal was to determine the strength of the relationship between BESS errors and the instrumented postural stability measurements (iBESS volume). It was hypothesized that both BESS error counts and iBESS volume would demonstrate appropriate oneweek test-retest reliability. Additionally, significant practice effects for both BESS error counts and postural stability were predicted to be present from BESS Trial 1 to all subsequent trials. In terms of concurrent validity, it was predicted that BESS errors and postural stability measurements in all single leg (SL) and tandem stance (TS) conditions, but not double leg (DL) conditions would be correlated.
Regarding the three C3Logix neuropsychological tests, we sought to assess one-week test-retest reliability and concurrent validity. In the realm of reliability, practice effects were predicted to follow specific patterns: Trail Making A and B times to completion would decrease (including the difference between A and B), and the number of correctly matched pairs during the SDMT would increase between session one and two. The concurrent validity goals were to determine whether the C3 Logix tests (i.e., Trail Making A, Trail Making B, and SDMT) are valid when compared to the paper-and-pencil forms of the tests. We hypothesized that the times to completion in Trails, and number of correctly matched pairs in SDMT would be highly correlated on both applications, thus demonstrating concurrent validity.
Finally, it was of interest to determine if participant sex or number of hours of sleep the night before testing had an impact on test scores at any session.
Methods

Research design
For the reliability studies, a repeated-measures design was employed with each participant serving as his or her own control. The independent variables for the BESS portion of the study were time (between sessions or within a single session), sex, and hours of sleep the night preceding the test. Dependent variables for the BESS portion of the study included the iBESS volume and number of BESS errors. The iBESS volume is the mathematical representation of combined accelerations in the anterior-posterior, medial-lateral and rotational planes. The iBESS value was computed by the application based on the motion that occurred within each plane (Alberts et al., 2015) . We evaluated iBESS volume and errors for each stance, as well as for the BESS test overall. A single trained investigator administered all BESS tests. Inter-rater reliability (using a trained independent assessor viewing videotapes of the trials) was established to ensure quality results were obtained (ICC > 0.90).
For the concurrent validity studies, a correlational design of test results at the same time point (timepoint 1) was employed. Test order was counterbalanced to control for order effects.
For the neuropsychological tests, the independent variable was test session (one or two). The dependent variables were the time it took participants to complete the Trails assessments and the number of correctly matched symbols in the SDMT assessment. Validity was assessed by comparing the results participants obtained on the paper and pencil versions of the tests versus those they obtained using C3 Logix. To ensure quality results, a threshold of r = 0.60 was considered acceptable.
To assess the variables of sex and hours of sleep on test scores, a between-subjects ANOVA was completed for both test sessions (age, sex by test score).
Participants
Thirty-eight participants (47% males, 53% females, age 20.08 ± 1.44 years, height = 165.95 ± 18.49 cm, mass = 71.29 ± 12.55 kg) (Table 1) were recruited from all sports at two National Collegiate Athletic Association (NCAA) Division II colleges located in New England. We sought out-of-season varsity intercollegiate athletes between the ages of 18-25 for inclusion in this study. Seventy-nine percent of the participants were soccer athletes, 21% played various other sports. Potential participants were excluded if they had a diagnosed traumatic brain injury within the past year, acute lower extremity injury within the past 6 months, a history of ADD or ADHD, or used medication that could affect balance or neurocognitive performance. Once eligibility was determined, participants provided informed consent. The study received human subjects' approval from our institutional review board.
Instrumentation and measures
To ensure internal validity, two iPads with the C3 Logix application installed were designated for use throughout the research process. We created a test workflow within the application that featured a balance assessment, followed by the two neurocognitive assessments, and ending with the final balance assessment. The iPads were charged the night prior to testing and powered off after each balance assessment or neurocognitive test session. During testing, the iPads remained in airplane mode with the Wi-Fi off and all background applications closed. The iPads were charged between participants if the charge went below 80%. The same stylus was used for neurocognitive testing for all test sessions. The same foam Airex pad (Airex Balance Pad, Airex AG, Switzerland) was used for all balance assessments. The Trail Making A test involved the participants connecting the numbers 1-25 as quickly as they could (either on paper or the iPad screen), without making any mistakes. Trail Making B test was completed in a similar fashion with participants being instructed to connect both numbers and letters in alternating numerical and alphabetic order (Reitan, 1992) . The SDMT test involved the participant matching by writing the corresponding number that each symbol corresponded to. A minute and a half was allowed on the paper-andpencil test, while 120 seconds was allowed on C3 Logix (Smith, 1982) . When a mistake was made during the C3 Logix SDMT, the instructions require that the test-taker move on and not fix it; participants were instructed to fix a self-identified mistake made on the paper and pencil form of the test. The test administrator was present to alert the participant of any mistakes made in Trail Making A and B; participants were not alerted of a mistake made during the SDMT by the test administrator.
Procedures
Participants completed 2 test sessions 1 week apart in the same environment and at the same time of day. The first test session began with participants reading and signing an informed consent form, completing a demographic and health history questionnaire and being measured for height and weight. All questions on these forms can be found in Figure 1 .
Next, participants began their first balance assessment. All instructions to participants were given using a common script. The same examiner administered all the balance assessments. The BESS test was administered through the C3 Logix application, with the use of a special belt, according to C3 Logix instructions. Participants were given an overview of the BESS test protocol. The test administrator demonstrated each stance to the participant prior to testing and asked participants to demonstrate each stance to ensure comprehension before the trial began. Participants completed the double leg (DL), single leg (SL), and tandem leg (TL) stances first on the floor and then on a foam pad. Following the balance assessment, a single investigator administered both sessions of the neuropsychological portion of testing with a common script. Test administrators were trained by a board-certified neuropsychologist in appropriate test administration. This portion of testing involved the participants completing both the adapted Trail Making A, Trail Making B, and SDMT using C3 Logix, and the analogous pencil and paper tests. An online random number generator (randomizer. org) to determine the order between iBESS and neuropsychological tests, A second randomization determined whether Trail Making or SDMT would be conducted first.
The Trails A, Trails B, and SDMT were administered according to C3 Logix written procedures. Images of these tests can be found in Figures 2, 3 , and 4.
Between administration of the C3 Logix and paper-and-pencil neurocognitive tests, there was a fiveminute rest break.
For the second administration of the balance test, participants returned 1 week later to complete the second testing session. Prior to the start of the second session, participants were issued a second health history questionnaire ( Figure 5 ) to ensure there were no changes to their medical history since the first session (e.g., that they had not suffered a concussion, injury, or started any new drug therapies).
Statistical analyses
All data were analyzed using SPSS (Version 23). The alpha level was set a priori at .05, for all analyses. Test scores were checked for outliers using a 4 standard deviation from mean threshold (Grubbs, 1969; Stefansky, 1972) . To determine within-session and 1-week test-retest reliability of balance assessments, a two-way random effects model using the average of ratings was used to calculate intraclass correlation coefficients (ICC) for BESS errors and iBESS volume. In order to compare differences in both BESS errors and iBESS volume vs. time, separate Repeated-measures analysis of variance (ANOVA) with Greenhouse Geisser Correction and paired samples t-tests posthoc analyses for both variables were used. Pearson correlation was used to demonstrate the relationship between BESS errors and iBESS volume. To assess test-retest reliability of the neuropsychological tests, intraclass correlations were calculated for each pair of tests. A two-way random effects model using the average of ratings, with an absolute definition was used to calculate ICC. To assess for practice effects, a series of paired sample t-tests were calculated between time 1 and time 2 for each test to determine the magnitude of change. To assess concurrent validity of the neuropsychological tests, a Pearson correlation was calculated.
The demographic variables of sex and amount of sleep were analyzed for their effects on neuropsychological and balance scores at each test session. For sex as the independent variable, t-test was calculated. For hours of sleep, Pearson correlations were calculated. 
Results
Balance assessment
The descriptive data of errors among all stances and trials can be found in Table 2 . Across test conditions, within-session reliability ranged from acceptable to excellent for BESS errors (ICC (2,1) = 0.76-0.93, p < 0.001) and was excellent for iBESS volume (ICC (2,1) = 0.76-0.93, p < 0.001). One-week test-retest reliability was acceptable for BESS errors: ICC (2,1) = 0.80 (95% CI:0.62-0.90, p < 0.001, and excellent for iBESS volume (ICC (2,1) = 0.91(95% CI:0.82-0.95, p < 0.001). Reliability data is provided in Table 3 . Repeated measures ANOVAs revealed significant differences between trials for errors and iBESS volume. Post-hoc analysis revealed BESS errors were significantly higher in trial 1 (11.5 ± 5.4) compared to trials 2 (9.2 ± 4.4), 3 (8.8 ± 4.0), and 4 (8.1 ± 3.3). A significantly higher error count was also found in trial 2 (9.2 ± 4.4) compared to trial 4 (8.1 ± 3.3). Post-hoc analysis revealed iBESS volume was significantly greater in trial 1 (−5.9 ± 5.6) compared to trials 2 (−7.6 ± 5.5), 3 (−7.3 ± 5.8), and 4 (−7.5 ± 5.2) ( Table 4) . Pearson correlations revealed a significant moderate-strong, positive relationship between errors and iBESS volume, in the SL firm (r = 0.44, p = 0.002), TS firm (r = 0.63, p < 0.001), TS foam (r = 0.61, p < 0.001) and total stance (r = 0.41, p = 0.011) conditions (Table 5) . Table 4 presents the data reporting practice effects among all trials.
There was no correlation between sleep and BESS errors in any of the four trials. There was also no significant difference in BESS errors between sexes in any of the trials (Table 2) .
Neurocognitive assessment
Means and standard deviations for all neuropsychological tests appear in Table 6 . One subject had one neuropsychological test score that was more than 4 standard deviations from the group mean (Grubbs' test, p < .05). That score was removed from the data.
Test-retest analyses found significant practice effects for most test-pairs. Student t-tests showed significant differences between test session one and two for all C3 Logix and paper-and-pencil tests (Table 7) . These results can be found in Table 7 . Intraclass correlations were acceptable for all but paper-and-pencil Trails B, the Trails B minus Trails A difference score, and the C3Logix Trails A. Paper-and-pencil Trails A was marginal for reliability.
One-week test stability demonstrated significant improvement across all tests, with the exception of paper-and-pencil Trails B-Trails A difference score. Some tests varied more than others (Table 7) .
There were moderate to strong correlations between paired paper-and-pencil and C3Logix tests for Trails B, SDMT, and the Trails B minus A score. Trails A did not show a significant relationship between formats. The intercorrelation matrix of neuropsychological tests at Time 1 appears in Table 8 . The intercorrelations among C3 Logix tests were almost all significant: C3Logix Trails A and Trails B correlating with each other, Trails B correlating with, and the Trails B minus A time correlated with Trails B and SDMT, but not Trails A. A different pattern emerged for the paper-and-pencil tests with both Trails A and B correlating with SDMT but not each other. The paper-and-pencil Trails B minus Trails A had the same pattern as the C3Logix analog.
Similar to the findings about the balance assessments reported above, participants' hours of sleep the night prior to testing had no effect on test performance (C31 Trails A: r = 0.007, p = 0.967, C31 Trails B: r = −0.088, p = 0.599, C31 SDMT: r = 0.069, p = 0.683, PP1 Trails A: r = 0.161, p = 0.334, PP1 Trails B: r = −0.065, p = 0.701, PP1 SDMT: r = 0.107, p = 0.521) while participant sex was only related to C3Logix SDMT scores, 
Discussion
Our results suggest that in general, the C3 Logix balance assessment demonstrates moderate-strong oneweek test-retest reliability when measuring postural stability. Additionally, we found that most of the neurocognitive tests assessed demonstrated concurrent validity compared to their analogous paper and pencil forms. This is the first known independent concurrent validity study of C3 Logix tests.
These results support the hypotheses that the balance measurement available through C3 Logix demonstrates moderate-strong within-session test-retest reliability for both errors and iBESS volume. This finding is similar to other studies in which ICC values for BESS test-retest reliability ranged from 0.70-0.90 (Amin, Coleman, & Herrington, 2014; Hansen et al., 2016; Valovich McLeod et al., 2006) . Our ICC values obtained for within-session reliability between the first and second trials are above these previously-reported ranges. This finding may be related to the shorter intervals between our BESS trials (30 minutes compared to days, weeks, or even months). Our one-week test-retest reliability results are similar to those found in a study performed by Amin et al. In each analysis performed, the iBESS volume demonstrated stronger test-retest reliability than that for analyses of error count. This finding suggests that studying postural sway is a more reliable variable to measure over time than is error counting. This finding is not surprising as the clinical practice of counting BESS errors emerged as a low-tech, low-price means to grossly assess balance. Before the gyroscope and accelerometer became available through the Apple iPad, advanced motion tracking and force plate systems allowed clinicians to gather precise measurements about postural sway and dynamic stability (Brown et al., 2014) . However, cost, space limitations, and detailed training/set-up process (Brown et al., 2014) make it unlikely the average clinician will have these options. The iPad-based technology provides considerably more objective information and consistency for the assessment of balance. This is useful when performing multiple balance assessments over time to manage an athlete's return to play status.
The hypothesis regarding practice effects was also accepted: error count and iBESS volume decreased for all trials after Trial 1. There were significantly more errors in Trial 1 as compared to Trials 2, 3, and 4. These findings are similar to those observed by Valovich McLeod et al. (2004) . In addition, when directly comparing Trial 2 and Trial 4, there was a significant error difference between the two trials. Our iBESS volume findings were similar in that there was significantly more postural sway in Trial 1 as compared to Trials 2, 3, and 4. These findings suggest that when performing the non-instrumented BESS test (i.e., without measuring postural sway), three practice sessions should be allowed to eliminate the effects of practice during testing. However, when considering iBESS volume, two practice sessions may adequately reduce the effects of practice. Eliminating the need for one full practice session by using C3 Logix may help clinicians perform balance assessments more efficiently and effectively.
One of the secondary goals was to determine the strength of the relationship between BESS errors and iBESS volume. There was a strong relationship between error count and postural stability measurements (iBESS volume) in 3 of 8 conditions and overall: SL floor, TS floor, TS foam. There was not a strong correlation between the error count and iBESS volume in the DL stance positions. Although none of the participants committed any errors during either DL stance (floor or foam), the accelerometer and gyroscope could detect differences in postural sway. This supports conclusion that the iBESS volume provides more sensitive measures of postural stability in both DL stance conditions (Alberts et al., 2015) . Together with the improved reliability of iBESS, these findings suggest that the balance tests on the C3 Logix iPad application may allow clinicians to better detect lingering balance deficits than BESS error counts when assessing concussed athletes. Another secondary goal was to identify relationships between BESS performance and sex or hours of sleep the night preceding the testing. No relationship between sleep or sex and BESS performance was found. It is important to note that all participants had a similar amount of sleep for both sessions (session-1 = 7.45 hours ± 0.97, session-2 = 7.36 ± 1.15). It is not possible to generalize these results to athletes who were not as well-rested. Previous research has shown a strong negative correlation between amount of sleep and balance stability (Siu, Huang, Beacom, Bista, & Rautiainen, 2015) .
In terms of the neuropsychological tests the intraclass correlations for the 1-week retest period were generally good and consistent with previous studies of the paper and pencil if not better. However, both paper and pencil Trail Making tests (and the difference score) had ICC's that were below or marginal for acceptability, while the C3 Logix Trails A was below acceptability. Thus, reliability of Trail Making A is called into question across formats.
A practice effect was evident on all tests across formats. In the future, stability and reliability beyond 1 week should be assessed to allow a more robust description of practice effects. Clinicians should remain aware of the practice effect between session one and two. Additionally, it should be noted that C3 Logix generates new tests at random and participants may not have taken the same version of the test in their two test sessions. This is done purposely to reduce the chances of memorizing stimuli. The strong test-retest reliability should allay fears that changing stimuli impacts score outcomes.
The results generally support the hypotheses that the neuropsychological tests available through C3 Logix show acceptable concurrent validity with standard (comparable) paper and pencil measures. The performance of the paper and pencil Trails A was somewhat unusual as it did not correlate with either paper and pencil Trails B or C3Logix Trails A as expected. Somewhat similar findings were observed for C3Logix Trails A, as it only correlated with C3Logix Trails B (and paper and pencil SDMT). Because performance on Trails B depends on one's ability to do the simpler Trails A task, these findings raise questions about the validity of Trails A, and by extension, the Trails B minus A calculation. Interestingly, that score seemed to hold up across analyses for both formats.
We reiterate the caution previously mentioned: most of the participants in this study obtained the recommended 7-9 hours of sleep their age range (sleepfoundation.org). This may not be the case for in-season or concussed athletes. There is mixed evidence for the effect of sleep the night before testing with a recent study showing that less than 7-hours of sleep the night before ImPACT testing has a detrimental effect of test scores (McClure, Zuckerman, Kutscher, Gregory, & Solomon, 2014; Silverberg, Berkner, Atkins, Zafonte, & Iverson, 2016) . Other recent studies have found that sleep differences in sleep amount and quality did not result in any differences in neurocognitive or balance performance (Mihalik et al., 2013; Silverberg et al., 2016) .
Limitations
Several limitations were present in this study. First, all participants in the study were NCAA intercollegiate athletes and between the ages of 18-25 compromising generalizability to younger or older populations of varying athletic ability. Most participants were soccer players. Findings among athletes from other sports may be different. In addition, information about race/ethnicity or the presence of psychological conditions was not obtained.
The study design was not intended to validate these tests relative to diagnosis or monitoring of recovery. It was also only possible to assess three of the C3Logix five tests as no stand-alone test of reaction time was available. The sample size was also somewhat small so the ability to detect sex effects was limited. Obtaining comparable data across institutions is needed.
Conclusions
This independent study of the concurrent validity and reliability of several of the C3Logix tests showed that the instrumented balance assessment in the C3 Logix concussion testing suite demonstrated strong concurrent validity with the BESS error system and indicated improved metrics from the BESS. Moderate-strong one-week test-retest reliability was also demonstrated. Additionally, Trails B, SDMT, and the Trails difference score all demonstrated acceptable concurrent validity.
Our findings also suggest that measuring the iBESS volume measured through the highly-portable iPad offers clinicians a potentially stronger means to detect post-injury balance deficits than using BESS errors alone.
